Background: The role of P-glycoprotein (Pgp) associated multidrug resistance for neuroblastoma patients is controversial. Therefore we asked whether at all the typical functional features of the multidrug resistance phenotype could be found in neuroblastoma cells and studied the prognostic relevance of Pgp expression.
Introduction
Classical multidrug resistance is one of the in vitro models for resistance in cancer chemotherapy. It is characterized by overexpression of the 170 kilodalton plasma membrane component P-glycoprotein (Pgp) [1] . Pgp possesses sequence homology to ATP-dependent bacterial transport proteins [2] . Therefore Pgp has been postulated to function as an ATP-dependent transmembrane drug efflux pump of broad specificity. Overexpression of Pgp is thought to confer cross resistance to different cytostatics by decreasing the intracellular drug accumulation [3] . Competition of substances at the substrate binding site of Pgp implies the possibility of chemosensitizing by reversing Pgp mediated drug efflux [4] [5] [6] .
Occurrence of Pgp is not restricted to multidrug resistant tumor cells. A physiological expression has been demonstrated for several human tissue types [7, 8] . Among others, detection of Pgp has been reported for adrenal medulla cells. As well as in other human epithelial tissues, the microanatomic distribution of Pgp suggests an involvement into the excretory function of adrenal cells.
Adrenal medulla represents the primary tumor site of neuroblastoma in 45 to 50% [9] . Therefore, neuroblastoma is supposed to express Pgp. Detection of Pgp in human neuroblastoma tumors has been reported [10] [11] [12] [13] [14] [15] . However, the impact on neuroblastoma tumor biology remains unclear: does Pgp represent a marker of cellular differentiation in the sense of a physiological transporter protein in adrenal medulla tissue or does Pgp rather confer the multidrug resistant phenotype to neuroblastoma cells?
In the present study, we investigated the association of Pgp expression and the multidrug resistance phenotype in the human neuroblastoma cell lines. Furthermore, we analyzed the prognostic significance of Pgp expression in neuroblastoma tumor samples. (Mannheim Boehringer, Germany), 2% L-glutamine (Mannheim Boehringer, Germany) and 0.2% glucose (Mannheim Boehringer, Germany). Controls for Pgp expression (gently provided by M.M. Gottesmann, NCI, Bethesda, Maryland, USA) included the drugsensitive parental carcinoma cell line KB-3-1 and the drug-resistant subline KB-8-5. Both cell lines were grown as multilayer cultures in Dulbecco's modified Eagle's medium (Gibco, Scotland) containing 10% fetal calf serum (Mannheim Boehringer, Germany) and 2% L-glutamine (Mannheim Boehringer, Germany). To prevent growth of revertants, cell line KB-8-5 was maintained continuously in the presence of colchicine (5ug/ml) (Sigma, Germany).
Patients and methods

Cell cultures
Chemosensitivity of cell lines SK-N-SH and CHP-100
Cell lines SK-N-SH and CHP-100 were plated in cell culture flasks (Becton Dickinson, Germany) in growth medium at a density of 2 x 10 5 cells per flask. Twenty-four hours after plating growth medium was changed and supplemented with vincristine (Lilly Deutschland, Germany) or adriamycin (Farmitalia, Germany) in logarithmically increasing doses. After 96 hours of growth in the presence of cytostatics, cells were harvested with EDTA-trypsin (Sigma, Germany) and counted. The survival fraction was estimated as the percentage of surviving cells compared with the number of cells in untreated cultures. The 50% inhibition dose of cell growth (LD-50) was calculated with its 95% confidence interval (CI) by a non-linear regression model for each cell line and each cytostatic drug (due to the non-linear function of dose-response-curves, see Figure 1 ). The relative resistance of cell line SK-N-SH to one of the used drugs was estimated as the ratio of cell line specific LD-50 values.
Rhodamine-123 accumulation in cell lines SK-N-SH and CHP-100
Rhodamine-123 is a fluorochrome underlying the transport mechanism of Pgp. Therefore rhodamine-123 is considered as a marker substance of Pgp function. An accumulation assay was performed with modifications to a method of Efferth [16] . Briefly, 10 ul of a cell suspension were mixed with 5 ul of rhodamine-123 (Sigma, Germany) to a final concentration of 1.8 ug/1 and 5 ul of propidiumiodidemonohydrate (Sigma, Germany) to a final concentration of 30 ug/ml. After pipetting onto a microscopic slide, rhodamine-123 and propidiumiodide-monohydrate staining was evaluated at a fluorescence excitation of 365 nm. Every two minutes all rhodamine-123 stained and all rhodamine-123 non-stained cells of a constant viewfield were counted. Propidiumiodide-monohydrat staining allowed the exclusion of false-positive rhodamine-123 staining of dead cells. The rhodamine-123 staining fraction was determined as the percentage of rhodamine-123 stained cells compared with the number of all cells in the observed view-field. The period of time, that was necessary to attain a 50% staining fraction was calculated by linear regression with its 95% CI (due to the linear association of time and stained fraction of cells, see Figure 2 ). The described rhodamine-123 accumulation assay was performed for each cell line in the absence as well as in the presence of verapamil (Knoll AG, Germany) in a final concentration of20ul/ml.
Neuroblastoma tumor samples
Tumor touch smears and tumor infiltrated bone marrow smears of 62 patients suffering from histologically diagnosed neuroblastoma were provided by children's hospitals collaborating in the German Neuroblastoma Study Group. Criteria for diagnosis and response met the INSS guidelines [17] . The patients were treated according to the German Neuroblastoma Study Group Protocols NB 85 and NB 90.
Immunocytochemical staining procedure for N-myc oncoprotein
Tumor touch smears and bone marrow smears were fixed in paraformaldehyd (2%) for 10 minutes followed by permeabilizalion of the cell membrane with Triton X (0.5%) (Sigma, Germany) for 10 minutes. Primary antibody MAK B8.4.B (gently provided by Prof. Dr. Schwab, DKFZ. Heidelberg, Germany) was applied in a final concentration of 80 ug/ml for 60 minutes at room temperature. A routinely used streptavidin biotin peroxidase system (Amersham, England) was used for visualisation of primary antibody binding.
Immunocytochemical staining procedure for P-glycoprotein
The preparation of tumor touch smears, tumor infiltrated bone marrow smears and cytospin preparations of cell lines included fixing in 10% buffered formalin for two hours, permeabilization of the cell membrane by dehydration in graded ethanol, incubation in xylene for 30 minutes and rehydratation in graded ethanol. Blocking of endogenous peroxidase was performed by a 10 minutes exposure to a mixture of 70% ethanol and 30% methanol supplemented with hydrogen peroxide in a final concentration of 3% followed by a 20 minute treatment with a hydrous solution of 3% hydrogen peroxide, 0.35% sodium azide and 0.15% periodic acid. Monoclonal antibody C-219 (Centocor Inc., USA) was used for immunocytochemical staining of Pgp. C-219 detects a highly conserved amino acid sequence of the Pgp isoforms I and III that resides in a cytoplasmic domain on the inner side of the cell membrane [18] [19] [20] . C-219 was applied at a concentration 1.2 ug/ml overnight in a humidified chamber at 4 °C. The initial layer of the used immunosandwich consisted of a peroxidase-conjugated monoclonal goat anti-mouse IgG antibody (Sigma, Germany) in a dilution of 1:100 in combination with a biotinylated monoclonal goat anti-mouse IgG-2a antibody (Amersham, England) in a dilution of 1:100. In a second step a mouse peroxidase-anti-peroxidase complex (Amersham, England) was applied in a dilution of 1:50. The immunosandwich was completed by an incubation with a mixture of peroxidase-conjugated monoclonal goat anti-mouse IgG antibody (Sigma, Germany) in a dilution of 1:50 and a peroxidase-conjugated streptavidin biotin complex (Amersham, England) in a dilution of 1:100. All different steps of the immunosandwich were performed in a humidified chamber at 4 °C for 30 minutes. Altogether the used immunosandwich technique theoretically resulted in a ratio of seven peroxidase molecules per one Pgp molecule. This appeared necessary to detect that small differences in Pgp expression like those between KB-8-5 and KB-3-1 cells.
Peroxidase activity was visualized by incubation with 3.3'diaminobenzidine tetrahydrochlo-ride at a concentration of 0.5 mg/ml in 0.05 M tris(hydroxymethyl)aminomethane buffer (pH 7.6) and 0.015 hydrogen peroxide for 10 minutes at room temperature. Improvement of optical density of diaminobenzidine-polymers was performed with modifications to a method of Newman [21] : Cells were incubated with neutralised sodium sulphide (In) for five minutes. This step was followed by an exposure to a silver developing solution. This consisted of a hydrous solution of sodium carbonate, ammonium nitrate, silver nitrate, tungstosilicic acid and formaldehyde. The deposition of metallic silver to diaminobenzidine was stopped after 90 seconds by immersing the sections in 1% acetic acid. Finally, cells were counterstained with Meyer's Hamalaun (Merck, Germany). Staining comparable to KB-8-5 cells was considered positive for Pgp expression, non-staining comparable to K.B-3-1 cells considered as negative. KB-8-5 cells are characterized by a three-fold relative resistance to adriamycine and a six-fold relative resistance to vinblastine.
P-glycoprotein expression in neuroblastoma tumor samplesstatistical analysis
Associations of the Pgp status and known prognostic factors were tested for statistical significance by chi-square test. Due to the impact of tumor spread on the outcome of patients with neuroblastoma the statistical analysis of a prognostic relevance of Pgp expression was performed stage-related. The probability of relapse free survival by the Pgp status was evaluated by Kaplan-Meier analysis. The statistical difference of the curves was tested by the log-rank test.
Results
Pgp expression in neuroblastoma cell lines
Pgp expression was detected only in one out of eleven neuroblastoma cell lines (SK-N-SH). This line and CHP 100 were used exemplary for further experiments. The N-myc expression was found in all six cell lines with known N-myc amplification and additionally in SK-N-MC and CHP-100.
Chemosensitivity of cell lines SK-N-SH and CHP-100
Neuroblastoma cell line SK-N-SH and neuroepithelioma cell line CHP-100 showed a dose-dependent inhibition of cell growth in the presence of vincristine (Figure la) and adriamycin (Figure lb) . The LD-50 values for both cell lines differed statistically significant under the influence of vincristine (11.3 ng/ml for SK-N-SH versus 0.3 ng/ml for CHP-100) and adriamycin (141.3 ng/ml for SK-N-SH versus 11.2 ng/ml for CHP-100). Thus, SK-N-SH cells showed a 45.1-fold relative resistance to vincristine and a 12.7-fold relative resistance to adriamycin compared to CHP-100 cells.
Rhodamine-123 accumulation in cell lines SK-N-SH and CHP-100
Cell lines SK-N-SH and CHP-100 showed a continuous, time dependent increase in rhodamine-123 stained cells (Figure 2a) . A 100% staining was observed in CHP-100 cells after 18 minutes, the 50% value was 7.0 (6.6-7.4) minutes. The presence of verapamil did not change these characteristics (50% at 7.3 (6.9-7.7) minutes, Figure 2b) . SK-N-SH cells showed a 100% staining after 28 minutes and 50% at 12.1 (11.7-12.5) minutes. In the presence of verapamil the accumulation of rhodamine was significantly accelerated (50% value at 8.0 (7.6-8.5) minutes. This resulted in now equal 50% values for both cell lines.
P-glycoprotein expression in human neuroblastoma tumors
Sixty-eight tumor samples of 62 patients suffering from histologically diagnosed neuroblastoma were evaluated for Pgp expression. Forty-five tumor samples resulted from diagnostic procedures at the time of diagnosis, 12 from diagnostic procedures during tumor progress or tumor recurrence, four samples were obtained during delayed surgery, one at second look surgery.
Tumor specimens of 48 patients did not show any immunoreactivity for Pgp (77.4%). Staining for Pgp was observed in tumor samples of 14 patients (22.6%). The staining intensity was comparable to the staining reactivity of control cell line KB-8-5 in all tumors. The positive staining was restricted to tumor and not seen in stroma cells.
No differences were found in the Pgp-status between primary tumors and metastases (three cases) and in consecutive samples before and after chemotherapy (two cases, both stage 4).
Pgp Thirteen tumor samples were collected after chemotherapy. Five of these tumors were characterized by detectable levels of Pgp (38.5%) (P = 0.19).
Of 22 patients achieving complete remission during chemotherapy, six children (27.3%) had Pgp positive tumors. In the group of patients with partial response only one out of 12 tumors demonstrated Pgp expression. Two patients showed no response to the therapeutic approaches including first-line chemotherapy. None of these tumors was characterized by Pgp expression.
The probability of event-free survival dependent on the Pgp status was estimated with regard to tumor stage. Since case numbers were small for all other tumor stages, Kaplan-Meier analysis was performed for stage 4 tumors only.
The analysis of event-free survival for the Pgp negative group resulted in a median survival time of 986 days (95% CI: 571-1401 days) versus 478 days (95% CI: 274-681 days) for the Pgp positive group. Comparison of the estimated probabilities for event-free survival demonstrated a small trend of superior survival for the group of patients with Pgp negative tumors (log-rank test, P = 0.069).
Within the group of stage 4 neuroblastoma Pgp status was correlated with several clinical data considered as independent prognostic factors by the German Neuroblastoma Study Group [22] . There was no statistical significant correlation of Pgp expression and any of these prognostic factors including age, N-myc amplification status, serum ferritin level, serum lactate dehydrogenase activity, initial white blood count and resectability of the tumor.
Discussion
The multidrug resistant phenotype of SK-N-SH cells
P-glycoprotein is the molecular hallmark of classical multidrug resistance. Occurrence of Ppg in human neuroblastoma cell lines including SK-N-SH has been reported [23] . However, Pgp expression in neuroblastoma cell lines has not been correlated to drug resistance so far.
Immunocytochemistry confirmed the qualitative different Pgp expression of SK-N-SH and CHP-100 cells. Cell growth under the influence of adriamycin and vincristine revealed a relative resistance of SK-N-SH cells in comparison to cell line CHP-100 for both drugs. Intracellular accumulation of rhodamine-123, a drug underlying the Pgp-dependent efflux transport, was diminished for cell line SK-N-SH. The latter phenomenon was reversible in the presence of verapamil, known to compete for the Pgp-binding site [5] . Thus, we demonstrated in SK-N-SH cells an association of Pgp expression and the phenotype of multidrug resistance including reduced intracellular accumulation of drugs and increased resistance to cytostatics. Two different transmembrane transport mechanisms may underlay this observation: Pgp and the multidrug resistance-associated protein (MRP) [23, 24] . In contrast to Pgp, verapamil does not interfere with the MRP-associated transmembrane transport [25, 26] . Since the reduced intracellular accumulation of rhodamine-123 was reversible by verapamil, a Pgp-dependent multidrug resistance phenotype of SK-N-SH cells can be assumed.
P-glycoprotein expression in human neuroblastoma tumors
Pgp expression in human human neuroblastoma tumors has been reported controversial: Occurrence of Pgp has been denied, attributed to cellular differentiation or linked up with classic multidrug resistance [10] [11] [12] [13] [14] [15] 26] . In this study, we investigated tumor samples of 62 neuroblastoma for Pgp expression by a highly sensitive peroxidase-immunosandwich technique in order to detect as small differences of three-to six-fold relative resistance (KB-8-5 versus KB-1-3). By this way Pgp was detectable in 14 tumors. This confirms previous studies, which reported that Pgp expression belongs to the biological repertoire of human neuroblastoma tumor cells [10] [11] [12] [13] [14] [15] . Thus, in vivo levels of Pgp in human neuroblastoma seem to be noticeably low suggesting that routinely used immuncytochemical techniques may fail to demonstrate typical levels of Pgp in human neuroblastoma cells [28] and explaining the results of a previous study, where Pgp was only demonstrated in tumor stroma but not in neuroblastoma cells [26] . In accordance to other studies that used highly sensitive methods for the detection of multidrug resistance gene mRNA or Pgp, the incidence of Pgp positive tumors in our study was 22.4% [11, 13, [29] [30] [31] [32] [33] [34] .
P-glycoprotein expression and tumor cell differentiation
Pgp expression was investigated for correlation with the main biological characteristics of tumor evolution: histological grading and stage of disease. The incidence of Pgp positive tumors ranged from 20% to 30% without any statistical difference within all three different types of histopathological grading. No significant association was observed between Pgp status and stage of the disease: 12 out of 53 non-localized neuroblastoma showed elevated levels of Pgp (22,6%), three out of nine localized tumors were demonstrated to express Pgp (33%).
In contrast to other previous studies Nakagawara reported the occurrence of Pgp expression in well differentiated, localized neuroblastoma 33 . Hereby we confirm this observation. However, Pgp expression was neither restricted to nor its incidence increased within the group of stage 1-3 neuroblastoma. Furthermore, there was no statistical significant correlation of Pgp expression with N-myc oncogeneprotein expression as well as with N-myc oncogene amplification. Therefore, our results suggest, that Pgp expression per se does not indicate a high grade of tumor cell differentiation.
To our knowledge, it is the first time that a stage 4S tumor was demonstrated to express Pgp at an elevated level. However, in this case the course of the disease ended after a short remission status with a progress into stage 4 (N-myc amplification status unknown).
P-glycoprotein expression and classical multidrug resistance
Pgp expression did not correlate with the patients remission status after first line chemotherapy: We found no evidence that Pgp expression might be involved in mechanisms causing primary chemotherapy resistance as it has been reported by Chan et al. [11] .
The incidence of Pgp positive tumors was not different between tumors treated by chemotherapy and the group of untreated tumors. This oberservation contrasts with previous reports [11, 29] . Furthermore, tumor samples of two patients tested for Pgp expression at different times of the clinical course showed no qualitative change of the initial negative status under or after chemotherapy. Therefore, our results do not confirm, that Pgp expression evolves by time with the use of cytostatics in the sense of cellular salvage pathway.
In stage 4 patients Kaplan-Meier analysis for eventfree survival revealed a small trend of inferior survival of patients with Pgp positive tumors (P = 0.069). Taking into account, that the Pgp status showed no statistical correlation to any other risk factor, our results suggest, that occurrence of elevated Pgp levels might slightly worsen the outcome of children with stage 4 neuroblastoma. However, we cannot conclude that occurrence of Pgp predicts the success or failure of therapy for stage 4 neuroblastoma in contrast to the study of Chan et al. [11] . Therefore it remains questionable whether the detection of Pgp justifies the use of chemosensitizing agents capable of reverting Pgp mediated multidrug resistance. Other cellular mechanisms have been demonstrated to be of relevance for neuroblastoma drug resistance including MRP [24] and further membrane transport proteins [14, 25, 34] . For example, Norris et al. [24] found 57% five-year survival in patients with high compared to 94% with low MRP expression (P < 0.001).
In conclusion, based on our results chemotherapy resistance appears to be a complex process and Pgp expression does not provide much information on this phenomenon in'neuroblastoma.
